Development of the mammary gland is influenced both by the systemic hormonal environment and locally through cell-cell and cell-extracellular matrix (ECM) interactions. We have previously demonstrated aberrant mammary gland morphogenesis in transgenic mice with elevated levels of the long isoform of ␤1,4-galactosyltransferase 1 (GalT), a proportion of which is targeted to the plasma membrane, where it plays a role in cell-ECM interactions. Here, we show that mammary glands of mice lacking the long GalT isoform exhibit a complementary phenotype. Cell-surface GalT activity was reduced by over 60%, but because the short GalT isoform is intact, total GalT activity was reduced only slightly relative to wild type. Mammary glands from long GalT-null mice were characterized by excess branching, and this phenotype was accompanied by altered expression of laminin chains. Laminin ␣1 and ␣3 were reduced 2.4-and 3.0-fold, respectively, while expression of laminin ␥2 was elevated 2.3-fold. The expression and cleavage of laminin ␥2 have been correlated with branching and cell migration, and Western blotting revealed an altered pattern in ␥2 cleavage products in long GalT-null mammary glands. We then examined the expression of metalloproteases that cleave laminins or that have been shown to play a role in mammary gland morphogenesis. Expression of MT1-MMP, a membrane-bound protease that can cleave laminin ␥2, was elevated 5.5-fold in the long GalT-nulls. MMP 7 was also elevated 5.1-fold. Our results suggest that expression of surface GalT is important for the proper regulation of matrix expression and deposition, which in turn regulates the proper branching morphogenesis of the mammary epithelial ductal system. © 2002 Elsevier Science (USA)
INTRODUCTION
Mammary gland morphogenesis is controlled by the coordinated growth and differentiation of epithelial and mesenchymal cell types. Proper growth, branching, and differentiation are dependent on stromal-epithelial interactions, through either direct cell-cell contact or through contact with the extracellular matrix (ECM; Bissell and Barcellos-Hoff, 1987; Cunha and Hom, 1996; Sympson et al., 1994; Witty et al., 1995) . At birth, the mammary gland rudiment consists of a few short epithelial branches within the prospective mammary fat pad. Further development is initiated at puberty in response to circulating ovarian hormones, when the mammary epithelial duct system grows and branches throughout the mammary stroma (Topper and Freeman, 1980) . Growth and differentiation of the branching ducts take place at the ductal tips in multilayered structures known as terminal end buds (TEB; Daniel and Silberstein, 1987; Silberstein, 2001) . As the cells of the TEB proliferate, the outer layer, called cap cells, differentiates into outer myoepithelial cells as well as inner lumenal epithelial cells Silberstein, 2001) . Immediately behind the advancing TEB, ductal morphogenesis is facilitated by apoptosis, resulting in the formation of a hollow tube from a solid, multilayered structure (Humphreys et al., 1996) .
Following the rapid growth and branching during puberty, the TEBs regress once the limit of the mammary fat pad is reached. This stage of mammary development coincides with sexual maturity and is characterized by cyclic changes in side branching of ducts in response to the surges of ovarian hormones during the estrous cycle. Lateral and alveolar buds, or side-branches, increase postestrous and regress prior to the next estrous cycle (Schedin et al., 2000) . Evidence suggests that these events are mediated through the action of progesterone (Brisken et al., 1998 (Brisken et al., , 2000 Robinson et al., 2000) .
During pregnancy, a second surge of ovarian hormones induces another stage of rapid growth and differentiation in the mammary gland, culminating in the acquisition of lactation competence (Topper and Freeman, 1980) . Alveolar buds occur at multiple points along the epithelial ductal rudiment. These buds consist of epithelial and myoepithelial cells surrounded by their basal lamina. The epithelial cells within the alveoli begin to synthesize and secrete milk-specific gene products, while the myoepithelial cells acquire intrinsic contractility, facilitating the secretion of milk. In addition to the specific hormonal milieu found during pregnancy, it has been shown that mammary epithelial (ME) cells require a basement membrane for the expression of milk-specific gene products associated with alveolar differentiation (Streuli et al., 1991) .
Throughout the morphogenesis of the mammary gland, growth and differentiation of the mammary epithelial ductal system are intimately tied to cell-ECM interactions. Changes in the expression of ECM and basal lamina components are developmentally regulated, and these changes directly affect mammary morphogenesis. During puberty, the TEB is surrounded by a minimal basal lamina rich in laminin, collagen IV, and hyaluronic acid (Williams and Daniel, 1983) . This arrangement facilitates rapid growth through the surrounding stroma by minimizing the requirement for penetration through a fibrous matrix. Behind the TEB, the epithelial duct, composed of a continuous outer myoepithelial layer and a single layer of inner, lumenal epithelia, becomes invested in a dense collagen-rich sheath. This fibrous sheath probably helps to maintain ductal integrity and may contribute to morphogenesis by inhibiting protrusion of side branches. This may occur through physical inhibition of growth and/or through the accumulation of growth inhibitory factors such as TGF ␤1 (Silberstein et al., 1992) . The sexually mature virgin gland is also the site of subtle changes in the synthesis of basal lamina components, with laminin expression becoming predominant over collagen IV (Keely et al., 1995; Woodward et al., 1998) . It has been suggested that this shift in ECM synthesis may facilitate branching by the epithelial component, and may contribute to the proper branching pattern (Richert et al., 2000) .
Changes in the expression of ECM components are regulated both transcriptionally and posttranscriptionally. A critical posttranscriptional form of ECM regulation is the expression of proteases known to cleave ECM proteins, thus remodeling the ECM (McCawley and Matrisian, 2001; Murphy and Gavrilovic, 1999; Shapiro, 1998) . Several such proteases are known to be expressed during mammary gland development, their expression is developmentally regulated, and their expression has significant effects on mammary differentiation and branching (Lund et al., 1996 (Lund et al., , 2000 Sympson et al., 1994; Witty et al., 1995) .
Another important component of cell-ECM interactions is the repertoire of cell-surface ECM receptors displayed on the plasma membrane. These receptors may serve an adhesive as well as a signaling function, conveying information in a bidirectional manner. Indeed, it is well documented that bidirectional signaling, i.e., delivering signals from the extracellular environment to the cell and vice versa, is an important factor in cell behavior, differentiation, and survival. The integrin family of heterodimeric matrix receptors is the best studied of these molecules (Dedhar and Hannigan, 1996; Giancotti and Ruoslahti, 1999; Schoenwaelder and Burridge, 1999) . Other receptors that have been implicated in cell-matrix communication are the dystroglycans (Durbeej et al., 1998; Ervasti and Campbell, 1993) , the syndecans (Iba et al., 2000; Rapraeger, 2000) , the discoidin domain receptor tyrosine kinases (Schlessinger, 1997; Shrivastava et al., 1997; Vogel et al., 1997) , the leukocyte antigen-related protein (LAR) receptor-like tyrosine phosphatase (O'Grady et al., 1998; Schaapveld et al., 1997) , and the cell-surfaceassociated isoform of ␤1,4-galactosyltransferase 1 (GalT; Evans et al., 1993; Gong et al., 1995; Shur et al., 1998) . The existence of multiple families of cell-matrix interaction molecules suggests that exquisite sensitivity and specificity of signaling are important for proper morphogenesis.
Here, we describe the effects of deleting the long isoform of GalT on mammary gland morphogenesis in adult mice. GalT exists as two isoforms, generated by differential translation initiation from two in-frame translation initiation sites (Russo et al., 1990; Shaper et al., 1988) . Numerous studies have implicated the long isoform as a receptor on the surface of cells (Appeddu and Shur, 1994b; Evans et al., 1993; Gong et al., 1995; Runyan et al., 1988; Wassler and Shur, 2000) . GalT can serve as a receptor by virtue of its ability to interact with appropriate carbohydrate substrates on glycoproteins in the extracellular environment. Previously, we have shown that overexpression of long GalT leads to impaired lactation due to mammary gland dysmorphogenesis (Hathaway and Shur, 1996) . The mammary glands of these mice display decreased size and branching morphogenesis, as well as abnormal interactions with a basal lamina. Here, we found that mice lacking the long GalT isoform by homologous recombination had a complementary phenotype, namely excessive branching morphogenesis. Furthermore, we found that the expression of laminins in the basal lamina of long GalT-null mice was altered relative to wild type, and that expression of the metalloproteases MT1-MMP and MMP 7 were elevated. Because basal lamina integrity and composition are intimately associated with ME branching behavior and differentiation, our results suggest that altered protease expression may lead to altered basal lamina composition, which in turn leads to aberrant branching and precocious differentiation in long GalT-null mice. These studies highlight the importance of cell-surface GalTase function during normal development and differentiation, and offer new insight into the mechanisms by which ECM receptors modulate cell behavior.
MATERIALS AND METHODS

Genetically Altered Mice
Details of the creation of mice lacking the long GalT 1 isoform have been previously described . Briefly, expression of the long GalT 1 isoform was eliminated by using an insertiontype targeting vector that created a point mutation in the codon that initiates translation of the long GalT isoform. Expression of the short GalT isoform was not affected. These mice have been maintained as homozygous nulls on the original chimeric background (C57Bl 6 ϫ 129), and random-bred within the closed colony. Wild-type littermates from the original heterozygote crosses used to produce the long GalT-null mice were maintained for use as controls. Animal protocols were in compliance with Animal Care and Use guidelines. To obtain mammary tissue from timed pregnant females, the day of the plug was considered day 0.0 of pregnancy.
Preparation of Mammary Tissue for Whole-Mount and Paraffin Sections
Female mice were sacrificed and the skin, with mammary glands attached, was removed and pinned flat onto paraffin boards. The entire skin was fixed overnight in Tellyesniczky's fixative (Telly's; 70% ethanol, 5% formalin, 5% glacial acetic acid). After rinsing in 70% ethanol, the mammary tissue was removed from the skin with a scalpel. Abdominal number 2 and 3 glands, or inguinal number 4 glands, were used for all experiments, and for individual experiments, comparisons were always made between a similar region of the same number mammary gland. Except where noted, at least three glands from three individual mice per genotype were examined and compared. Whole mounts were prepared and stained with carmine as described (http://mammary.nih.gov). For histological examination and immunohistochemistry, the Telly's-fixed tissues were dehydrated through a graded series of ethanol, cleared in Hemo-DE, and embedded in paraplast. Paraffin sections were cut at 5 (for immunohistochemistry) or 7 m (for histology). Sections were stained with Heidenhan's trichrome or hematoxylin and eosin for histological examination.
Quantitation of Ductal Branching and Alveolar Development
To determine the extent of mammary ductal branching, whole mounts were prepared from inguinal (number 4) 10-week-old virgin glands in estrous. Five glands from five mice were counted for each genotype. To determine the stage of the estrous cycle, cells collected from daily vaginal flushings were mixed with an equal volume of 0.1% methylene blue and examined by phase contrast microscopy (Metcalfe et al., 1999; Rugh, 1968) . Only mice that demonstrated normal estrous cycling were used for quantitation of ductal branching. Photographs of mammary glands were taken by using a dissecting microscope (Olympus, Melville, NY), and the photographs were printed to a standard size for measuring branch points. The distance between secondary branch points on primary ducts was measured, and the final measurements were adjusted by the magnification factor to reflect actual distances. For each gland, all resolvable branch points were counted.
Immunohistochemistry
Paraffin sections of day 15.0 pregnant mammary glands were rehydrated to PBS. Sections were then subjected to trypsin treatment to uncover antigen (30 min at 37°C in 0.25% trypsin), incubated for 5 min in 3% H 2 O 2 in methanol at room temperature (RT) to quench endogenous peroxidase activity, and incubated for 15 min in 0.1 M glycine at RT to block aldehyde groups. Three 5-min rinses in PBS followed each step. Sections were then blocked with 5% normal goat serum (NGS) in PBS for 30 min (PBS-G). Sections were stained with anti-collagen IV at a 1/50 dilution (rabbit polyclonal from Rockland Immunochemicals, Gilbertville, PA), anti-laminin at a 1/50 dilution (rabbit polyclonal from Sigma, St. Louis, MO), or anti-laminin ␥2 at a 1/25 dilution (rabbit polyclonal, a gift from V. Quaranta, Scripps Research Institute). Sections were incubated in primary antibody in PBS-G for 1 h at RT, rinsed three times in PBS, and incubated 1 h at RT in goat anti-mouse IgG conjugated to HRP (1/250 dilution in PBS-G; Vector Labs, Burlingame, CA). Finally, sections were developed by using DAB as chromogen (Vector Labs). After a final rinse in dH 2 O, sections were lightly counterstained in nuclear fast red, dehydrated, cleared, and coverslipped. Slides were viewed and photographed on a Zeiss fluorescence microscope. Photographic images were scanned by using HP PhotoSmart software (Hewlett Packard, Roseville, CA), and further manipulated by using Adobe Photoshop (Adobe Systems, San Jose, CA).
Western Blotting
Day 15.0 pregnant mammary glands were isolated and homogenized in 500 mM Tris (pH 7.6), 200 mM NaCl 2 , 10 mM CaCl 2 by using a Polytron (Kinematica AG, Luzern, Switzerland, 15 s at setting 6, on ice). For long GalT blotting, protein was solubilized in detergent (1% SDS with 1 mM DTT, 1 h at 50°C), and insoluble material was removed by centrifugation (5 min; 13,000 rpm). For laminin ␥2 blotting, lysates were solubilized in 1% Triton-X 100, frozen on dry ice, and thawed four times, and the insoluble pellet (enriched for ECM proteins; Sympson et al., 1994) was collected by centrifugation (30 min; 13,000 rpm; 4°C). Protein concentration was determined by using a Bradford assay (BioRad, Hercules, CA), an equal volume of 2ϫ reducing sample buffer was added, and 50 g protein was resolved on 12% (long GalT) or 6% (laminin ␥2) reducing SDS-polyacrylamide gels followed by electrophoretic transfer to PVDF membrane (Hybond-P; Amersham, Piscataway, NJ). Membranes were blocked for 1 h in 20 mM Tris (pH 7.6), 137 mM NaCl (pH 7.6), 0.1% Tween 20 (TBS-T) containing 5% nonfat milk (NFM). Membranes were incubated for 1 h at RT (long GalT) or overnight at 4°C (laminin ␥2) in primary antibody in TBS-T/ NFM. Anti-long GalT polyclonal antiserum, raised against the 13 amino acids unique to long GalT (Youakim et al., 1994) and laminin ␥2 polyclonal IgG, (described above) were used at a 1/500 dilution. After washing exhaustively in TBS-T, membranes were incubated for 1 h at RT in HRP-conjugated goat anti-rabbit IgG (Vector), diluted 1/50,000 in TBS-T/NFM. After washing in TBS-T, membranes were developed by using ECL Plus chemiluminescence detection (Amersham), and exposed to film. Equal loading of proteins was confirmed by Coomassie blue staining of adjacent lanes (not shown).
blotting protocol. Proteins were prepared from ME cells isolated from day 15.0 pregnant mammary glands and cultured for several days as previously described (Darcy et al., 1995; Hathaway and Shur, 1996; Lee et al., 1984) . Briefly, glands were minced in Hank's balanced salt solution (HBSS), and tissue was digested for 90 -120 min at 37°C with rotation in 25 ml of HBSS containing 0.3% (w/v) collagenase (Roche, Indianapolis, IN), 2.5 U/ml dispase, and antibiotics. Every 30 min, the tissue was passed through a pipet to break up large fragments. Following digestion, the tissue was washed five times by centrifugation for 2 min in DME/F12 containing 5% BCS at 620 rpm. The supernatant containing mostly fibroblasts was discarded. Cells were seeded onto tissue culture plastic for 2-3 days in DME/F12 with 5% BCS, 5 g/ml insulin, 5 ng/ml EGF, and antibiotics (1% penicillin/streptomycin solution; all from Gibco/BRL, Grand Island, NY). Cells were solubilized in 1% SDS, 1 mM DTT as described above, quantitated, 25 g per sample was resolved on a 10% SDS polyacrylamide gel under reducing conditions, and transferred to PVDF membranes as described above. After blocking in TBS-T/NFM, blots were incubated for 1 h at RT with 50 g/ml biotinylated RCA I (Vector) in TBS-T/NFM. After washing, blots were incubated for 1 h at RT with streptavidin-HRP (Vector) at 1/25,000 in TBS-T/NFM. Finally, blots were developed by using ECL Plus chemiluminescence.
Reverse Transcription-PCR
Total RNA was isolated from day 15.0 pregnant mammary glands (day 17.0 for milk protein genes) by using Trizol (Gibco BRL) according to the manufacturer's instructions. The RNA was treated with RNase-free DNase (5 U; Ambion) for 30 min at 37°C to remove any contaminating DNA, repurified, and quantitated. One microgram of total RNA was reverse transcribed with Mo-MuLV reverse transcriptase (Superscript II, 200 U; Gibco/BRL) primed with random hexamers (0.125 U, Roche) in 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 2 mM DTT, with 5 U RNase inhibitor and 0.5 mM of each dNTP for 50 min at 42°C. The reaction mixture was heat-inactivated at 70°C for 15 min, brought to 100 l with dH 2 O and stored at Ϫ20°C. Control reactions in which reverse transcriptase was omitted were included for each sample.
Primers were synthesized by Integrated DNA Technologies (Coralville, IA). Table 1 lists the primers used in this study. PCRs included 2.5 l of cDNA from the reverse transcriptase reaction, 5 U Taq (Promega, Madison, WI), 1.5 mM MgCl 2 , 0.4 M each primer, 200 M each nucleotide, in a total volume of 25 l. PCR conditions were as follows: 94°C, 2 min, (one cycle); 94°C, 30 s; 60°C, 30 s; 72°C, 1 min (cycle number varied, see below); 72°C, 5 min (one cycle). PCR products were detected by electrophoresis on agarose gels followed by staining with SybrGreen (Molecular Probes, Eugene, OR). Pilot experiments were performed to determine optimum Mg 2ϩ concentration, optimum cycle number, and additive requirements for each primer set. Optimum cycle number fell within a range in which a linear relationship between the quantity of starting RNA and the final PCR product was maintained (Gause and Adamovicz, 1994) . Quantitation of the results was performed by densitometric analysis using NIH Image freeware and was based on incorporation at 24 cycles (␤-casein, WAP, and ␣-LA), or 25-30 cycles (all other primer sets), and was corrected by comparison to PCRs using control primer sets (mouse cyclophilin; Danielson et al., 1988) . No PCR product was detected in samples in which reverse transcriptase was omitted.
GalT Enzyme Assays
Total and cell surface GalT enzyme activity was assayed on ME cultured as single cells and small clusters with Matrigel (Becton Dickinson, Franklin Lakes, NJ). This allowed us to culture the cells in the absence of serum. Cells were prepared from age-matched, estrous stage-matched mature virgin glands or from midgestation pregnant glands as described above and plated onto plastic tissue culture plates. After 4 -6 days, cells were passaged by trypsinization and cultured in the presence of Matrigel. Plates were prepared by adding chilled Matrigel to chilled plates (50 l/cm 2 ) and polymerizing for 30 min at 37°C. Alternatively, Matrigel was suspended in the medium (Hathaway and Shur, 1996; Streuli et al., 1995) at 200 g/ml. Cultures were grown in serum-free media (DME/F12, insulin, EGF, and antibiotics).
For total GalT enzyme assays, cells were homogenized on ice in 1 ml of medium B (140 mM NaCl, 4 mM KCl, 20 mM Hepes, pH 7.2) containing freshly added protease inhibitor cocktail (PIC; 2 g/ml antipain, 0.1% aprotinin, 10 g/ml benzamide, 1 g/ml chymostatin, 1 g/ml leupeptin, 1 g/ml pepstatin) with a Polytron for 6 s at a setting of 15. Homogenates were cleared of debris by centrifugation at 13,000 rpm for 5 min at 4°C. The supernatant was removed to a fresh tube, and n-octylglucopyranoside (NOG) was added to a final concentration of 30 mM. The samples were incubated on ice for 2 h with frequent trituration. Insoluble material was removed by centrifugation for 5 min at 4°C. Protein concentrations were determined by Bradford assay. Enzyme assays were conducted for 30 min at 37°C in a total volume of 50 l, and contained 10 g protein, 100
3 H]Gal; 220 dpm/pmol; Dupont-New England Nuclear, Wilmington, DE), 1 mM 5Ј-AMP, 10 mM MnCl 2 , and 30 mM GlcNAc, in medium B/PIC. The reaction was stopped by addition of 10 l ice-cold 0.2 M EDTA-Tris-HCl, pH 7.2. Fifty microliters were subjected to high-voltage borate electrophoresis to separate the 3 H-labeled galactosylated product from unused UDP[ 3 H]Gal and its breakdown products. The radiolabeled product remaining at the origin was quantitated by liquid scintillation spectroscopy.
For surface GalT enzyme assays, cells were washed once with HBSS and were released with EDTA. Alternatively, cells were assayed for surface GalT while still attached. Suspended cells were centrifuged and washed twice with DME/1% BSA, resuspended in medium B containing 0.4% BSA and a protease inhibitor cocktail as described above. Enzyme assays were conducted in a total volume of 50 l containing 100,000 cells as described above, or on attached cells in a total volume of 200 l/200,000 cells. Cell viability was determined before and after the assay by trypan blue exclusion, and was in excess of 92% for cell suspensions and 98% for attached cells.
RESULTS
Long GalT-Null Mice Do Not Express the Long GalT Isoform
The creation of the long GalT-null mice was accomplished by introducing a targeting vector into mouse embryonic stem (ES) cells that contained a point mutation in the first ATG of the GalT message. Using a two-step recombination procedure, ES cell clones were screened for the presence of the point mutation by Southern blotting (Hasty et al., 1991; . ES cells were then introduced into donor blastocysts and chimeric offspring were bred to produce mice containing the point mutation by using standard methods. Since the only change in the genome of long GalT-null mice is the point mutation deleting the first ATG, both long and short mRNAs are synthesized normally; however, translation of only the short GalT protein from either transcript is possible. Nevertheless, to confirm that long GalT-null mice do not make long GalT protein, Western blotting was performed on protein from mammary glands by using an antibody raised against the 13 amino acids unique to long GalT (Youakim et al., 1994) . The antibody recognized a single polypeptide of 56 -58 kDa, the predicted molecular weight of long GalT (Youakim et al., 1994) in wild-type mammary tissue; however, no polypeptides were labeled with the antibody in the long GalT-null mammary tissue (Fig. 1) .
GalT Activity Is Reduced in Long GalT-Null Mammary Glands
Having confirmed the absence of the long GalT protein in long GalT-null mammary glands, we next asked how loss of the long GalT isoform affected total and cell-surface GalT enzyme activity. Enzyme assays were done on ME cells isolated from mature virgin or midgestation pregnant glands and cultured for several days on plastic. Two days prior to enzyme assays, cells were replated in the presence of Matrigel matrix to facilitate culture in the absence of serum.
FIG. 1.
Long GalT-null mice are true nulls. An antibody raised against the 13 amino acids unique to long GalT was used in a Western blot assay. Total mammary gland protein isolated from midgestation pregnant mice was resolved by SDS-PAGE, transferred to PVDF membranes, blotted with the anti-long GalT antibody, and detected by using ECL Plus. A single band at 56 -58 kDa corresponding to long GalT is detected in the wild-type (WT) sample, but not in the long GalT-null (KO) sample (arrow). Molecular weight markers are indicated on the left.
Total enzyme activity was reduced slightly in long GalTnull ME cells relative to wild type (Fig. 2a) . The difference in total activity is about 28%, and is similar to total enzyme activity found in long GalT-null sperm . More importantly, levels of GalT enzyme activity on the surface of ME cells were reduced about 60% relative to wild type (Fig. 2b) . Collectively, these results show that, while total GalT activity is only slightly reduced in long GalTnull mammary glands, the reduction of GalT activity on the cell surface is proportionally greater, reflecting the preferential expression of a proportion of the long GalT isoform on the cell surface in wild-type mice (Lopez et al., 1991) . The activity detected at the surface of long GalT-null cells likely reflects a combination of short GalT detected on the surface as a result of "bulk flow" from Golgi membrane turnover, secreted GalT, and GalT released from dead or dying cells (Lopez et al., 1991) .
Long GalT-Null Mammary Glands Have Normal Galactosylation
The loss of the long GalT isoform leads to a 28% decrease in total GalT activity. The remaining activity is contributed by an intact short GalT gene. Mice lacking both GalT 1 isoforms exhibit several phenotypes and most die postnatally. The phenotypes can be attributed to pituitary insufficiency, due to incomplete glycosylation of pituitary hormones , and to dysregulation of epithelial cell proliferation and differentiation (Asano et al., 1997) . In contrast, long GalT-null mice are viable and fertile , suggesting that the intact short GalT gene in these mice is sufficient for most normal ␤1,4 galactosylation. Indeed, in the testis, it was shown that galactosylation of glycoproteins is radically reduced in total long GalT 1-null animals, whereas galactosylation in long GalT 1-null animals did not appear to be altered . The small number of ␤1,4-galactosylated glycoproteins detected in total GalT 1-null animals are probably contributed by other ␤1,4-galactosyltransferases (Lo et al., 1998) .
In spite of this evidence, it is important to determine directly whether the mammary gland phenotypes described below are attributable to a loss-of-function of GalT at the cell surface and not due to global alterations in glycosylation of glycoproteins. To this end, we examined total galactosylated glycoproteins using RCA lectin blotting. Total mammary gland lysates were prepared, separated by electrophoresis, blotted to nylon membranes, and labeled with biotinylated RCA. The RCA lectin recognizes the disaccharide Gal␤1-4GlcNAc, the product of ␤1,4-galactosyltransferase activity (Wu et al., 1988) . The results showed no significant differences in the galactosylation profiles of wild-type and long GalT-null mammary glands (Fig. 3a) , although the possibility exists that differences in one or a small number of glycoproteins would not be detected in this assay. Again, these results are in agreement with those found in long GalT-null testes . Therefore, loss of the long GalT isoform in the mammary gland does not appear to compromise the function of GalT as a component of the glycoprotein biosynthetic pathway. These results suggest that the mammary gland phenotypes associated with loss of long GalT (described below) are due to the loss of GalT function as a cell surface receptor.
Loss of the Long GalT 1 Isoform Does Not Lead to Compensation by Other GalT Isoforms
The loss of the long GalT isoform is compatible with normal survival and reproduction. Nevertheless, an earlier study revealed abnormal sperm:egg interactions in these mice . In some cases, it has been demonstrated that deletion of a gene is accompanied by compensation of function due to increased expression of a related gene product (Misawa et al., 2001) . To address this possibility, we determined whether increased expression of another member of the GalT gene family might occur in the   FIG. 2 . Total GalT activity in long GalT-null mammary epithelia is reduced only slightly, while surface activity is significantly reduced relative to wild type. ME cells were cultured for several days, and then assayed for total GalT enzyme activity in lysates or for cell surface GalT enzyme activity on intact, whole cells as described in Materials and Methods. (a) Total GalT enzyme activity in long GalT-null cells (KO) was reduced by 28% relative to wild type (WT). Average for wild-type samples was 1134 cpm. (b) In contrast, cell surface activity was reduced by over 60% in long GalT-null cells (KO) relative to wild type (WT). Average for wild-type samples was 417 cpm. *, P Ͻ 0.05 by Student's t test. Data represent the mean Ϯ the SD of three independent experiments.
context of loss of long GalT 1. Expression of GalT 2-6 was examined by using semiquantitative RT-PCR. No expression of GalT 3 or 6 was detected under these conditions (not shown). GalT 2, 4, and 5 were all expressed in the mammary gland, and the levels of expression were not significantly different in the wild-type and long GalT-null tissues (Fig. 4a) , although expression of GalT 2 was elevated 1.4-fold. Therefore, the loss of the long GalT 1 isoform does not lead to a significant increase in the expression of other GalT isoforms.
Long GalT-Null Mice Have Aberrant Mammary Gland Morphogenesis
Mice that overexpress the long isoform of GalT have a defect in mammary gland morphogenesis, resulting in decreased branching and decreased milk protein gene expression during pregnancy and lactation, culminating in a complete inability to lactate and nurse their young (Hathaway and Shur, 1996) . Most long GalT-null mice lactate normally (about 20% do not support their young; studies are underway to determine whether there is a physiological basis for this). Nevertheless, morphological examination of the long GalT-null mammary glands revealed specific abnormalities. Importantly, these defects appear to be complementary to those observed in mice that overexpress long GalT.
In mature virgin mammary glands, loss of the long GalT isoform results in increased branching morphogenesis and increased density of ducts (Fig. 5a ). Interbranch distance was measured and found to be significantly reduced in long GalT-null glands ( Fig. 5b; 1 
During pregnancy, the effects of increased branching were also apparent. At day 15.0 of pregnancy, long GalTnull mammary glands had an increased density of alveoli compared with wild type (Fig. 6 , compare a vs b, and e vs f). In addition, an unusual branching pattern was noted. The incidence of alveolar budding and side branches along the ducts of long GalT-null mammary glands is markedly increased (Figs. 6a-6d , see arrowheads in 6a and 6b). This results in multiple single alveoli along epithelial ducts in between side branches (Fig. 6d, detail) and an overall reduction in the spacing between branches.
Finally, long GalT-null mammary glands appear to undergo precocious differentiation, as demonstrated by histological analysis (Figs. 6g and 6h) . Alveolar epithelia in the null mice showed enhanced numbers of secretory vesicles at day 15.0 of pregnancy compared with wild type. Using RT-PCR analysis, milk protein gene expression was compared between wild-type and long GalT-null mice at day 17.0 of pregnancy. Expression of ␤-casein and whey acidic protein (WAP) were elevated slightly, though the differences were not statistically significant (Fig. 4b) . Alphalactalbumin (␣-LA) was significantly elevated (2.0-fold) in the long GalT-null mammary glands (Fig. 4b) . The fact that only ␣-LA expression was significantly elevated may reflect the late stage of pregnancy examined in this study. ␣-LA is the latest of these three proteins to be expressed (Hobbs et al., 1982; Pittius et al., 1988; Soulier et al., 1992) , suggesting that precocious expression of milk protein genes is detected only transiently, and expression over time becomes normalized. Examination of earlier stages of pregnancy might reveal differences in the expression of WAP or ␤-casein, and we are currently exploring this question in more detail. Interestingly, mice that overexpress long GalT show a complementary phenotype, with decreased expression of milk protein genes and reduced secretory activity during midgestation pregnancy (Hathaway and Shur, 1996) .
Long GalT-Null Mammary Glands Show Altered Laminin Expression
Previous work has shown that lateral branching early in pregnancy is accompanied by a localized breach in the basal lamina (Richert et al., 2000) . These observations suggest a local modification of the basal lamina that facilitates the formation of the alveolar bud. The aberrant branching morphogenesis in the long GalT-null mice prompted us to ask whether this phenotype was accompanied by altered expression of basal lamina components. Using immunohistochemistry, we examined the expression of collagen IV and laminins, both components of the mammary epithelial basement membrane. Expression of collagen IV was equivalent in wild-type and long GalT-null mice (Figs. 7a-7c) . However, expression of laminin was reduced in the long GalT-null mammary glands (Figs. 7d-7f) . These results suggest that, in long GalT-null mammary glands, basal lamina integrity might be perturbed, possibly leading to increased branching potential. The results also implicate laminin expression and deposition as an important component of this process.
The anti-laminin antibody used in the experiments described above was raised against laminin 1, a heterotrimer consisting of ␣1, ␤1, and ␥1 polypeptides (Beck et al., 1990) . The ␥1 subunit is common to most laminins identified, except for laminin 5 (␣3␤3␥2) and the nonbasal laminaassociated laminin 12 (␣2␤1␥3; Colognato and Yurchenco, 2000; Koch et al., 1999; Rousselle et al., 1991) . Since the anti-laminin 1 polyclonal antibody used here recognizes laminin ␥1 on a Western blot (unpublished observations), it will cross-react with most laminin isoforms. Therefore, to examine the expression of laminins in long GalT-null mammary glands more precisely, we employed semiquantitative RT-PCR. We examined the expression of the five laminin ␣ subunits in an effort to evaluate expression of the complete laminin family. In addition, we evaluated expression of the ␥2 subunit. Laminin ␥2, a component of laminin 5, is of interest to us because it is expressed in the mammary gland and its posttranslational processing by proteases correlates with branching morphogenesis (Giannelli et al., 1997 (Giannelli et al., , 1999 Koshikawa et al., 2000) .
Expression of laminin ␣1 and ␣3 chain RNAs were significantly reduced (2.4-and 3.0-fold, respectively) in long GalT-null pregnant mammary tissue (Fig. 8) . Expression of laminin ␣4 and ␣5 RNAs were unchanged in the long GalT-null glands, and laminin ␣2 was not detected. In contrast, expression of ␥2 RNA was significantly elevated (2.3-fold) relative to wild type (Fig. 8) .
The reduced expression of the laminin ␣1 subunit in long GalT-null mammary glands is consistent with the immunohistochemistry results described above (Fig. 7) . However, the elevated expression of laminin ␥2 was unexpected. Therefore, we examined the expression of ␥2 protein by immunohistochemistry using a polyclonal antibody to laminin ␥2. In contrast to the elevated expression of laminin ␥2 message in long GalT-null mammary glands (Fig. 8) , we found that laminin ␥2 protein was not increased by immunohistochemistry (Figs. 9a-9d) . In wild-type glands, laminin ␥2 expression is uniform and intense along mammary epithelial ducts (Fig. 9a) , whereas ␥2 staining around alveoli appears less intense and less uniform (Fig. 9b,  arrow) . This pattern of expression is similar to the arrangement of myoepithelial cells-uniform and continuous along ducts between the basal lamina and the lumenal epithelial cells, and discontinuous, forming a basket-like network around alveolar luminal epithelia (Richert et al., 2000) . A similar pattern of ␥2 expression is seen in long GalT-null mammary glands (Figs. 9c and 9d) , although the intensity of immunostaining appears less uniform along the ducts (Fig. 9c) . Figure 9c also highlights the aberrant branching pattern seen in long GalT-null pregnant mammary glands.
Recently, it was shown that laminin ␥2 is cleaved by the metalloproteases MMP 2 and MT1-MMP (Giannelli et al., 1997 (Giannelli et al., , 1999 Gilles et al., 2001; Koshikawa et al., 2000) . Cleavage of a 140-kDa full-length laminin ␥2 can occur at two positions, resulting in fragments of 100 kDa (␥2Ј) and 80 kDa (␥2x). These fragments represent the carboxyterminal portion of ␥2 that remains associated with laminin 5 through disulfide bonds (Maurer and Engel, 1996; Utani et al., 1994) . Importantly, these cleavage events are associated with increased migration of breast epithelial cells in vitro, and during increased branching morphogenesis during pregnancy in the mammary gland (Giannelli et al., 1997 (Giannelli et al., , 1999 Koshikawa et al., 2000) . In light of the increase in branching in long GalT-null mammary glands, we asked whether laminin ␥2 proteolytic cleavage was altered in long GalTnull mammary glands relative to wild type.
By Western immunoblotting, wild-type pregnant mammary glands show full-length laminin ␥2 and the two proteolytic fragments previously described ( Fig. 9e; Gian- 
FIG. 4. Long GalT-null mammary tissue expresses normal levels of other GalT genes, and milk protein gene expression is increased. (a)
The expression of other GalT family members was determined by using RT-PCR analysis of midgestation pregnant mammary tissue. GalT (GT) 2, GT 4, and GT 5 expression was similar in wild-type (WT) and long GalT-null (KO) tissue. Messages for GT 3 and 6 were not detectable in pregnant mammary glands. (b) RT-PCR analysis of day 17.0 pregnant mammary tissue demonstrates slightly elevated expression of the milk protein genes WAP and ␤-casein, and significantly elevated expression of ␣-LA relative to wild type (*, P Ͻ 0.05 by Student's t test). WT, wild type; KO, long GalT-null. Data represent the mean Ϯ the SD of three independent experiments. nelli et al., 1997; Koshikawa et al., 2000) . In the long GalT-null gland, full-length laminin ␥2 is evident; however, the 100-kDa proteolytic fragment (␥2Ј) is absent and the 80-kDa fragment (␥2x) appears more intense than in the wild type (Fig. 9e ). These results demonstrate that the proteolytic processing of laminin ␥2 is altered in the long GalT-null mammary gland relative to wild type, and raise the possibility that this alteration may contribute to the observed phenotypic changes. Therefore, we examined the expression of protease(s) responsible for this cleavage.
Long GalT-Null Mice Show Altered Metalloproteinase Expression
The tissue remodeling that accompanies branching morphogenesis is associated with the expression of extracellular proteases that cleave ECM proteins. It is thought that protease activity facilitates branching by causing a breach in the ECM (Witty et al., 1995) . Furthermore, evidence suggests that cleaved ECM components promote cell migration, a behavior that supports branching (Gilles et al., 2001; Koshikawa et al., 2000) . Because long GalT-null mammary glands have increased branching as well as evidence of unusual posttranslational modification of laminin ␥2, we analyzed protease expression in wild-type and long GalT-null mammary glands using semiquantitative RT-PCR. We focused on proteases that are known to be involved in mammary gland morphogenesis or that are capable of cleaving laminins. As shown in Fig. 10 , expression of MMP 2, MMP 3, MMP 9, and uPA RNAs in wild-type and long GalT-null pregnant mammary glands was similar (Fig. 10) . In contrast, expression of the metalloproteinases MT1-MMP and MMP 7 were elevated 5.5-and 5.1-fold, respectively, in long GalT-null glands relative to wild type (Fig. 10) . These results are consistent with the increased branching in the long GalT-null mammary gland, and are intriguing in light of the role of MT1-MMP in cleaving laminin ␥2, promoting migration of ME cells, and promoting invasion through the ECM (Giannelli et al., 1997; Gilles et al., 2001; Koshikawa et al., 2000) .
DISCUSSION
We have shown that deletion of the long GalT 1 isoform in mice results in abnormal mammary gland branching morphogenesis. This defect is observed in mature virgin as well as in pregnant glands. Concurrently, we found reduced expression of laminin ␣1 and ␣3, increased expression of laminin ␥2, and increased expression of MMP 7 and MT1-MMP. One possible explanation for the observed phenotypes is that elevated expression of specific metalloproteinases that modify the ECM leads to altered basal lamina composition and/or integrity. This in turn affects the potential for branching morphogenesis. In addition, altered basal lamina may impact mammary epithelial differentiation, resulting in the observed precocious alveolar development and increased expression of certain milk protein genes. These results have several implications with respect to the role of cell surface GalT as a receptor during mammary gland morphogenesis.
The long isoform of GalT 1 serves as a cell surface receptor by virtue of its ability to interact with specific glycoside residues displayed on extracellular glycoproteins (Shur et al., 1998) . Both the long and short GalT 1 isoforms are expressed in the Golgi apparatus, where GalT activity is important in glycoprotein biosynthesis (Dinter and Berger, 1995; Lopez et al., 1991; Nilsson et al., 1991; Teasdale et al., 1992) . However, a proportion of long GalT is targeted to the plasma membrane, and its expression on somatic cell surfaces has been shown to be important in mediating cellular interactions with laminin-containing substrates (Barcellos-Hoff, 1992; Begovac and Shur, 1990; Eckstein and Shur, 1989; Evans et al., 1993; Runyan et al., 1986 Runyan et al., , 1988 . Ligand binding to GalT has been shown to initiate specific intracellular signaling events. For example, migration and process formation on basal lamina are facilitated in part by GalT, and these activities are mediated through interactions between GalT and the actin cytoskeleton (Appeddu and Shur, 1994a,b; Eckstein and Shur, 1992; Evans et al., 1993) . Evidence suggests that this association is necessary for one downstream signaling event, namely the GalTdependent transient phosphorylation of focal adhesion kinase (FAK; Wassler and Shur, 2000) . There is no evidence for a direct interaction between the long GalT cytoplasmic domain and FAK; however, recently, it has been demonstrated that long GalT interacts directly with SSeCKS (Src Suppressed C Kinase Substrate), a protein kinase C substrate and kinase scaffolding protein (Lin et al., 1996; Nelson et al., 1999; Wassler et al., 2001) . SSeCKS has been shown to modulate cytoskeletal organization, and its overexpression leads to elevated FAK phosphorylation through the classic pathway involving integrin clustering (Gelman et al., 1998; Hanks and Polte, 1996) . Together, these observations raise the possibility that GalT interaction with SSeCKS facilitates the ability of GalT to affect FAK phosphorylation and cytoskeletal organization. Finally, aggregation of surface GalT on sperm leads to activation of a heterotrimeric G protein signaling cascade (Gong et al., 1995) . Current research in our lab is focused on defining which of these events may be important in long GalT function as a cell surface receptor in the development and differentiation of the mammary gland.
In this study, we provide evidence that deletion of the long GalT isoform affects the function of GalT as a surface receptor, rather than its function in glycosylation. These mice do not express the long GalT protein, as was shown using an antibody raised against the 13 amino acids unique to long GalT in a Western blotting assay. This antibody also fails to immunolabel long GalT-null ME cells by immunofluorescence (unpublished observations). Total GalT enzyme activity in ME cells was reduced by only 28% in long GalT-null mice compared with wild type, indicative of an intact short GalT isoform. These results are similar to those obtained for long GalT-null sperm . In contrast to the small reduction in total GalT activity, surface GalT activity on intact, viable cultured ME cells was reduced by 2.6-fold relative to wild type. Collectively, these results reflect the preferential expression of a proportion of the long GalT isoform on the cell surface in The distance between branch points was 66% less in the GalT-null gland (1.06 Ϯ 0.30 mm for wild type vs 0.58 Ϯ 0.09 mm for long GalT-null) , and the differences were significant (*, P Ͻ 0.005 by Student's t test). Data represent the mean Ϯ the SD of five individual animals for each genotype. The dark oval structures in the center of the glands are lymph nodes. Scale bar, 1 mm.
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Surface GalT and the Mammary Gland FIG. 6 . Long GalT-null mammary glands show aberrant alveolar branching and increased alveolar volume in during pregnancy. In a whole-mount view (a, b), GalT-null (ko) day 15.0 pregnant mammary glands show increased elaboration of alveoli relative to wild type (wt; arrowheads). In addition, the placement of alveolar buds is aberrant in long GalT-null glands (d) relative to wild type (c). Note the extensive elaboration of a single layer of alveoli along the duct in the GalT-null gland (d, inset). In sections of pregnant mammary glands at low magnification, the increase in alveolar density in long GalT-null glands compared to wild type is evident (e, f). At higher magnification (g, h), long GalT-null mammary glands show morphological evidence of increased milk protein synthesis and secretion (arrows in h). At least three animals per genotype were examined. Scale bars, 0.5 mm (a, b) or 100 M (c-h).
wild-type mice (Lopez et al., 1991) . Finally, we determined that an intact short GalT gene was sufficient to direct apparently normal galactosylation in long GalT-null mammary glands as assessed by RCA lectin blotting. A similar result was shown earlier in testicular lysates from long GalT-null mice . Therefore, it is unlikely that altered glycosylation is responsible for the phenotypes seen in long GalT-null mammary glands.
Two previous studies have implicated surface GalT as an important receptor during mammary gland development. GalT is expressed on ME and perturbing surface GalT, with antibodies, protein modifiers, or through increased gene   FIG. 7 . Expression of laminin, but not collagen IV, is altered in long GalT-null mammary glands. Immunohistochemistry was performed on sectioned pregnant mammary glands using anti-collagen IV (a-c) or anti-laminin (d-f). The level of immunoreactivity for collagen was not different between wild type and long GalT-null (a, b); however, laminin immunoreactivity was significantly reduced on all mammary epithelial basement membranes in long GalT-null (ko, e) compared with wild type (wt, d). Immunoreactivity is detected as brown-black staining associated with ductal and alveolar basement membranes (arrowheads). The images in (c) and (f) show controls using nonimmune serum. Scale bar, 50 M; and all images are the same magnification.
expression, leads to aberrant ME cell behavior on laminincontaining matrices (Barcellos-Hoff, 1992; Hathaway and Shur, 1996) . Overexpression of long GalT also leads to developmental defects in the mammary gland, including lactation failure, decreased branching, severely reduced differentiation potential during pregnancy (Hathaway and Shur, 1996) , and elevated apoptosis (unpublished observations). We hypothesize that the in vivo defects are a manifestation of altered cell-ECM interactions, as has been directly demonstrated in vitro (Barcellos-Hoff, 1992; Hathaway and Shur, 1996) .
Despite the obvious morphological and molecular defects we see in the mammary glands of long GalT-null mice, most of them lactate normally. Furthermore, in contrast to mice that overexpress long GalT, there are no apparent viability defects. We considered the possibility that the subtle phenotype might be due to compensation by other GalTs. GalT 1 was the first gene described in what is now a family of transferases with activity to add galactose in ␤1,4 linkage to GlcNAc. Five additional GalT genes have now been cloned and partially characterized (Lo et al., 1998; Sato et al., 1998; Schwientek et al., 1998) . RT-PCR analysis revealed expression of GalT 2, GalT 4, and GalT 5 in pregnant mammary glands. GalT 3 and GalT 6 were not detected. A previous report found expression of only GalT 1 in mammary glands (Lo et al., 1998) ; however, the detection methods differed between the previous study (Northern analysis) and that described here (RT-PCR). We found no significant changes in the expression of GalT 2, 4, or 5 in the long GalT-1-null mammary glands, suggesting that these genes do not compensate for the loss of long GalT 1.
Interestingly, many of the phenotypes observed in the long GalT-null mammary glands are complementary to those seen in the long GalT overexpressers. For example, long GalT-null mice have significantly increased branching during virgin mammary gland development. We have observed this branching phenotype in mature virgin mice when females are cycling through estrous, as well as during pregnancy. These developmental stages are characterized by an increase in branching complexity through the formation of lateral and alveolar buds. This suggests that the primary defect in branching morphogenesis in long GalTnull mammary glands relates to these structures as opposed to branching complexity achieved earlier through bifurcation of TEBs. TEB branching occurs in an ECM environment rich in hyaluronate and poor in collagen (Silberstein and Daniel, 1982) . The basal lamina around the TEB is very thin (Williams and Daniel, 1983) , favoring reduced attachment and rapid growth through the mammary fat pad. On the other hand, lateral and alveolar buds form as branches from existing ducts, through a relatively thicker collagenrich ECM (Silberstein et al., 1992) . Evidence suggests that there is a local degradation of the basal lamina where a lateral branch forms, whereas the basal lamina surrounding the TEB appears to remain intact (Richert et al., 2000; Silberstein et al., 1992) .
The synthesis and deposition of basal lamina and ECM proteins is temporally regulated during mammary gland development. Interestingly, laminin expression peaks between 6 and 7 weeks of age, coinciding with the development of sexual maturity and lateral and alveolar bud formation in response to the estrous cycle (Keely et al., 1995) . Since laminin synthesis and deposition in long GalT-null mammary glands is altered, the data suggest that defects in laminin composition are at least in part responsible for the onset of abnormal morphogenesis in long GalT-null mammary glands. Altered ECM composition may affect branching by altering the physical constraints to branching, or by affecting availability of growth factors such as TGF-␤1, which has a negative effect on lateral branching (Joseph et al., 1999; Robinson et al., 1991; Silberstein and Daniel, 1987) . In addition to increased branching, there is evidence that loss of long GalT leads to precocious ME differentiation. Morphological evidence for increased secretory activity is seen at day 15.0 of pregnancy, and ␣-LA expression is significantly elevated at day 17.0. Since laminin has been shown to provide a positive signal for induction of ME differentiation (Streuli et al., 1995) , our observations were unexpected. However, there are several possibilities that may explain this. First, a certain amount of ECM destruction accompanies the onset of normal ME differentiation during pregnancy (Streuli et al., 1995) . This raises the possibility that selective cleavage of ECM components increases availability of ECM motifs important in inducing differentiation, and that absolute ECM concentration is not the only determining factor. This may be true up to a threshold stage, as occurs in involution, where loss of ME differentiation is accompanied by extensive ECM destruction and tissue remodeling (Lund et al., 1996) .
A transgenic model of MMP 3 (stromelysin 1) overexpression had a somewhat similar phenotype (Sympson et al., 1994; Witty et al., 1995) . A modest elevation in MMP 3 expression led to increased branching and induction of ␤-casein synthesis in a mature virgin gland; however, during pregnancy, MMP 3 expression dramatically increased, and was accompanied by further increases in branching morphogenesis. However, ME differentiation was inhibited at this level of MMP 3 overexpression (Sympson et al., 1994) .
Our data, taken together with previous work, support the notion that our model of branching dysmorphogenesis is characterized by a moderate elevation in protease expression, compatible with increased branching and ME differentiation. Alternatively, metalloproteinases are likely to have different effects on the ECM microenvironment due to differences in vivo in substrate specificity, leading to different combinations of branching and differentiation potential.
Our results raise several important questions about the role played by the various laminins in mammary gland development. First, expression of laminin ␣1 chain message is reduced, and expression of laminin 1 (␣1, ␤1, ␥1) is reduced by immunohistochemistry. It has been shown that expression of laminin 1 in the mammary gland is critical to normal branching of the mammary ductal rudiment . Furthermore a local reduction in laminin is seen around a nascent branch, suggesting that laminin loss is an important prerequisite for branch formation (Richert et al., 2000) . These data support our hypothesis that the reduction in laminin 1 expression contributes directly to the increased branching associated with long GalT-null mammary glands.
The expression of laminin 5-associated subunits is altered in a more complex pattern. Laminin ␥2 message is elevated, but protein expression and/or association with the basal lamina are not increased by immunohistochemistry. In addition, laminin ␣3 message is reduced. Studies using laminin 1 have shown that, intracellularly, ␤:␥ dimers form first, followed by the addition of the ␣ subunit. Addition of the ␣ subunit was required for secretion of the trimer (Yurchenco et al., 1997) . If a similar scenario is true for laminin 5, then decreased expression of ␣3 could lead to decreased secretion of laminin 5 trimer. Indeed, downregulation of laminin 5 has been associated with some malignancies (Martin et al., 1998) . On the other hand, in a model of gastric adenocarcinoma, ␥2 monomer was secreted independent of trimer formation at the invading front of tumor cells (Koshikawa et al., 1999) , suggesting its involvement in the invasive phenotype. Finally, in a prostate cancer model, expression of laminin ␥2 mRNA was high, while no protein expression was detected, suggesting a translational defect or a posttranslational modification, such as degradation by proteases (Hao et al., 2001) . These seemingly contradictory results may be explained by proposing two mechanisms to account for laminin 5 involvement in the invasion process. The first is associated with decreased laminin 5 synthesis, and the second is associated with increased synthesis followed by increased cleavage by proteases (Giannelli and Antonaci, 2001) . What is clear from these studies is that alterations in the synthesis of laminin subunits can have significant effects on the secretion of laminin 5 heterotrimers, as well as on cell behavior, therefore it becomes critical to establish how laminin deposition into the basement membrane is affected in our long GalT-null model. The results from these studies will have important implications in establishing the role for loss of long GalT in the molecular phenotypes we have described.
Laminin 5 promotes branching morphogenesis and hemidesmosome assembly in ME cells in vitro (Stahl et al., 1997) . Furthermore, cleavage of laminin ␥2 is associated with increased migration in vitro, and with alveolar branching morphogenesis in pregnant mammary glands (Giannelli et al., 1997 (Giannelli et al., , 1999 . Proteolytic cleavage of laminin ␣3 has also been observed, and in one report, cleaved ␣3 impeded motility (Goldfinger et al., 1998) . Our findings indicate that cleavage of laminin ␥2 in long GalT-null mammary glands is unusual in that only the smaller, 80-kDa (␥2x) cleaved form is present. It is not known whether the two laminin ␥2 cleavage products differ in their ability to promote migration. Furthermore, it is not clear how the relative proportion of the two proteolytic fragments is altered; however, it is possible that some laminin ␥2 in intact basement membranes is inaccessible to proteases; therefore, this pool might not be affected when protease levels change. As discussed below, this possibility is particularly plausible in our model since our data are consistent with MT1-MMP- mediated laminin ␥2 cleavage, and MT1-MMP is membrane anchored, thus limiting its range of action. The status of the laminin ␣3 protein in long GalT-null glands is unknown at present, and is under investigation, as is the role of these changes in laminin 5 in the phenotype of long GalT-null glands.
Laminin ␥2 can be cleaved to produce the characteristic 100-and 80-kDa cleavage products by the metalloprotein -FIG. 9 . Laminin ␥2 protein in long GalT-null mammary glands is slightly reduced and differentially cleaved. Immunohistochemistry was used to detect laminin ␥2 protein on sections of wild-type (wt; a, b) or long GalT-null (ko; c, d) pregnant mammary glands. Laminin ␥2 immunolocalization is associated with mammary epithelial basement membranes and is slightly reduced in long GalT-null glands. (a) and (c) depict laminin ␥2 expression on ducts, whereas (b) and (d) depict expression on alveoli. Note the apparently lower level of expression on alveoli (arrows) as well as the reduced expression on buds (arrowhead) in both wild-type and long GalT-null glands. Scale bars, 50 M. (e) Western immunoblotting was performed on lysates from pregnant mammary glands by using the same anti-laminin ␥2 antibody. In wild-type lysates (WT), three polypeptides are evident. The deduced molecular weights are: 140 kDa for full-length ␥2, 100 kDa for the cleavage product ␥2Ј, and 80 kDa for the cleavage product ␥2x. In the long GalT-null lysate, there is a shift in the relative proportions of the lower two polypeptides, with the 80-kDa ␥2x species being more abundant, while the 100-kDa ␥2Ј species is greatly reduced or absent. The position of molecular weight markers is indicated on the left.
ases MMP 2 and MT1-MMP (Giannelli et al., 1997; Koshikawa et al., 2000) . The finding that MT1-MMP expression was elevated 5.5-fold in long GalT-null mammary glands is intriguing in light of the demonstration that MT1-MMP can cleave laminin ␥2 independent of its ability to proteolytically process MMP 2 from its pro form into its active form . Mammary glands express both MMP 2 and MT1-MMP; however, expression of MMP 2 message is unchanged in long GalT-null glands, and zymography assays show no change in the level of pro-MMP 2 vs active MMP 2 (unpublished observations). These results argue in favor of MT1-MMP-mediated changes in the cleavage of laminin ␥2 in long GalT-null mammary glands.
The role of MMP 7, if any, in the pathology of mammary gland development in long GalT-null mice is more difficult to predict. MMP 7 is constitutively expressed in murine mammary tissues, albeit at low levels (Wilson et al., 1995) . Overexpression of MMP 7 is correlated with accelerated onset of mammary tumors (Rudolph-Owen et al., 1998) , while deletion of MMP 7 attenuates tumor progression (Wilson et al., 1997) . Interestingly, MMP 7 is expressed on the apical surface of normal glandular epithelia, suggesting that its normal function may be the cleavage of non-ECM substrates (McCawley and Matrisian, 2001; Powell et al., 1999) . MMP 7 expression is markedly upregulated in migrating epithelium in response to tissue injury, and in certain models of malignancy (reviewed in Wilson and Matrisian, 1998) . One model proposed to unify these observations is that, during normal (quiescent) tissue homeostasis, MMP 7 is secreted apically, where it maintains ductal integrity by cleaving products in the lumen of glandular epithelia. However, during tissue remodeling, MMP 7 is upregulated and secreted basally, where it participates in ECM degradation and tissue remodeling (Wilson and Matrisian, 1998 ). In the case of long GalT-null mammary glands, MMP 7 is overexpressed by 5.1-fold. This overexpression, coupled with the increased branching morphogenesis, would be consistent with other studies linking MMP 7 upregulation with tissue remodeling and epithelial migration. In keeping with the model, suggesting that some MMP 7 expression is directed basally when upregulated, it is possible that MMP 7 contributes to ECM degradation in long GalT-null mammary glands. An important future direction in our lab will be to determine the localization and activation of MMP 7, and the contribution of this unique protease to our phenotype.
How does deletion of the long isoform of GalT lead to the observed phenotypes and the observed effects on protease and laminin expression? There are several possible explanations, and these questions are the subject of ongoing research. First, it is known that surface GalT on other somatic cells serves as a receptor for laminin (Begovac and Shur, 1990; Eckstein and Shur, 1989; Evans et al., 1993; Runyan et al., 1986 Runyan et al., , 1988 . Furthermore, expression of the ␤1 integrin or dystroglycan laminin receptors are important in proper basement membrane assembly (Colognato et al., 1999; Henry and Campbell, 1998; Lohikangas et al., 2001) ; loss of receptor can lead to downregulation of laminin expression and aberrant basement membrane assembly (Aumailley et al., 2000) . Experiments designed to determine whether laminin is in fact a ligand for long GalT on ME cells are ongoing in our lab. If so, the effects on laminin expression may be directly due to reduced receptor availability. This could account for the decrease in expression of laminin ␣1 and laminin ␣3. It is possible that downregulation of ␣3 expression results in the secretion of ␥2 monomer, which is cleaved by proteases, at least two of which are overexpressed in our model. In turn, this could provide a positive feedback for elevated ␥2 expression; however, because of the elevated proteolytic activity, protein levels of ␥2 may appear unchanged. Other possibilities include an indirect effect on ECM synthesis and deposition through interaction with other cell surface receptors, such as the integrins. Indeed, it has been shown that eliminating syndecan 1 coreceptor expression in ME cells has dramatic effects on E-cadherin expression and ␤1 integrin localization (Kato et al., 1995) . The resolution of these issues awaits further analysis in our lab.
In conclusion, altering the expression of cell surfaceassociated GalT either positively or negatively leads to complementary disturbances in mammary gland morphogenesis. Evidence suggests that these defects are coupled to the function of cell surface GalT as a receptor for the ECM. Interestingly, another cell surface-localized transferase, fucosyltransferase 1 (FUT1) has been implicated in branching morphogenesis of the prostate (Marker et al., 2001) , thus expanding the potential role for transferases in cell-cell communication during branching morphogenesis. Clearly, a critical step in understanding the function of cell surface GalT in mammary gland morphogenesis will be the identification of downstream signaling events (Evans et al., 1993; Shi et al., 2001; Wassler et al., 2001; Wassler and Shur, 2000) , and the interplay between cell surface GalT and other cell surface receptors.
